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In this letter we present a simple scenario where the mass scales associated to atmospheric and
solar neutrino oscillations are obtained through the dynamical generation of neutrino masses. The
main idea is that the two different scales are the result of two independent mechanisms, namely a
type-I seesaw generating the atmospheric scale and a radiative 1-loop process providing the solar
one. A relation of the two scales, reminiscent of the so-called sequential dominance, is thus obtained.
PACS numbers: 13.15.+g, 14.60.Pq, 14.60.St, 95.35.+d
A popular and motivating view among the neutrino physics community is that, since the existence of non-zero
neutrino masses is the first clear cut evidence of physics not included in the Standard Model, the smallness of their
scale is associated to new physics, commonly dubbed physics beyond the Standard Model. The existence of neutrino
masses has been determined through the observation of their oscillations and so far, in the neutrino (lepton) sector,
all but one parameter associated to the oscillations have been measured, namely the three mixing angles and the two
neutrino mass squared differences (only the absolute value in one of them). The phase associated to CP violation
(the one that exists regardless of the fermion nature of neutrinos) is currently being cornered by several experiments
and will be determined by future ones [1, 2]. Other very important - and yet unknown - properties of neutrinos that
are being explored are their absolute mass scale [3, 4] (see also [5, 6]) and fermion nature, i.e. whether neutrinos are
Dirac or Majorana fermions, see for instance [7–11].
The view that neutrinos might present a window to new physics has motivated a plethora of interesting ideas
related to the generation of neutrino masses and their mixing (oscillation) angles. In this letter we present an idea
that attempts to relate the two experimentally determined neutrino (squared) mass differences ∆matm and ∆msol.
There are models in the literature where the two different neutrino squared mass differences are generated with two
RH neutrinos in a sequential dominance way, see for instance [12–14]. Our approach is similar in spirit and attempts
to find a relation among the two scales that might lead to interesting new physics scenarios, in particular with regards
to dark matter. The basic idea consists of having two independent mechanisms for the generation of neutrino mass
that lead to the observed ratio of scales. The atmospheric scale turns out to come from a type-I seesaw while the
solar scale is a product of a radiative 1-loop generation of neutrino mass.
We now proceed to describe the specific scenario: In addition to the SM field content and symmetries, we incorporate
two right-handed (RH) neutrinos N and N ′, one scalar SU(2)L singlet charged under lepton number φ, and one extra
“Higgs” SU(2)L doublet η. The scalar field φ acquires a vacuum expectation value (vev) vφ breaking lepton number
and dynamically giving a mass to the RH neutrinos. An additional Z2 symmetry is imposed under which only η and
N ′ are charged (odd), thus making them the “dark sector” of the model. The relevant quantum numbers for the fields
participating in the generation of neutrino masses are listed in Table I.
N η N ′ φ
SU(2)L 1 2 1 1
U(1)Y 0 1/2 0 0
U(1)L 1 0 1 -2
Z2 + − − 0
TABLE I: Field content and transformation properties (charges) of the model for fields additional to the SM ones. All SM
fields are Z2 even.
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2The Lagrangian for this model is L = LSM + Lkin(N,N ′, η, φ) + LATM + LDM,SOL − V (H, η, φ), where LSM is the
Standard Model Lagrangian, Lkin(N,N ′, η, φ) contains the kinetic terms of the new fields, LATM is given by
LATM = −Y (0)i LiH˜N + Y NφN cN + h.c. (1)
with H˜ = iτ2H
∗, i = 1, 2, 3, and
LDM,SOL = Y (1)i Liη˜N ′ + Y N
′
φN ′cN ′ + h.c. (2)
with η˜ = iτ2η
∗ and i = 1, 2, 3. As we will see below, the Lagrangian LATM in eq. (1) induces an effective non-zero tree
level neutrino mass once the electroweak symmetry is broken by the vacuum expectation value of the Standard Model
Higgs. This scale is identified with the atmospheric neutrino scale. On the other hand, the Lagrangian LDM,SOL in
eq. (1) is responsible for the solar neutrino scale a` la scotogenic, namely through a 1-loop process involving the scalar
η [15].
Finally, the scalar potential V (H, η, φ) is given by
V (H, η, φ) = µ21H
†H + µ22η
†η + µ23φ
∗φ+ λ1(H
†H)2 + λ2(η
†η)2 + λ3(η
†η)(H†H) + λ4(η
†H)(H†η)
+
λ5
2
(
(η†H)2 + (H†η)2
)
+ λ6(φ
∗φ)2 + λ7(φ
∗φ)(H†H) + λ8(φ
∗φ)(η†η). (3)
The spontaneous breaking of both lepton number and electroweak symmetries is triggered by the vev’s of H and φ
respectively and lead to the following scalar mass spectrum: two CP-even fields coming from H and φ with masses
M2(h1,h2) =
(
v2Hλ1 + v
2
φλ6
)∓√v2Hv2φλ27 + (v2Hλ1 − v2φλ6)2, (4)
with the “−” (“+”) in ∓ corresponding to h1 (h2), a physical Nambu-Goldstone boson resulting from the breaking of
the U(1)L symmetry, the Majoron J = Im(φ); a third CP-even scalar as well as its CP-odd companion coming from
the inert doublet η with masses
M2(ηR,ηA) =
1
2
(
µ22 + λ8v
2
φ + (λ3 + λ4 ± λ5)v2H
)
(5)
with the “+” (“−”) in ± corresponding to ηR (ηA). Note that λ5v2H = (M2ηR −M2ηA); and finally a charged scalar
field with mass
M2η± =
1
2
(
µ22 + λ3v
2
H + λ8v
2
φ
)
. (6)
In the fermion sector, at tree level, the contribution from type I see-saw leads to the following leading neutrino mass
matrix
M(0)ν = −v2HY (0)M−1N (Y (0))T (7)
where MN = Y
Nvφ. Setting the vector of Yukawa couplings as Y
(0) = (y1, y2, y3), eq. (7) takes the matrix form
M(0)ν = −
v2H
Y Nvφ


(
Y
(0)
1
)2
Y
(0)
1 Y
(0)
2 Y
(0)
1 Y
(0)
3
Y
(0)
1 Y
(0)
2
(
Y
(0)
2
)2
Y
(0)
2 Y
(0)
3
Y
(0)
1 Y
(0)
3 Y
(0)
2 Y
(0)
3
(
Y
(0)
3
)2

 . (8)
This is a rank-1 matrix and therefore gives a non-zero eigenvalue to be associated to the heaviest neutrino (we are
assuming normal ordering where m3 > m2 > m1).
At the one-loop level, η allows the radiative generation of neutrino masses with a contribution given by [15]:
(M(1)ν )ij =
Y
(1)
i Y
(1)
j MN ′
16pi2
[
M2ηR
M2ηR −M2N ′
ln
M2ηR
M2N ′
− M
2
ηA
M2ηA −M2N ′
ln
M2ηA
M2N ′
]
, (9)
where M ′N = Y
N ′vφ. Assuming that the mass difference between ηR and ηI is small compared to M
2
0 = (M
2
ηR +
M2ηA)/2, one gets
(M(1)ν )ij =
λ5v
2
H
16pi2
Y
(1)
i Y
(1)
j f(M0,MN ′) where f(M0,MN ′) =
MN ′
(M20 −M2N ′)
[
1− M
2
N ′
(M20 −M2N ′)
ln
M20
M2N ′
]
. (10)
3The matrix in eq. (9) turns out to be a rank-1 matrix giving another non-zero eigenvalue (to be associated with
m2). Note that our set up is based on the fact that the Yukawa vectors lead to rank-1 neutrino mass matrices and
thus the lightest neutrino state is massless. In order to avoid this situation in a complete model one would need to
introduce more fields in order to generate a very small mass for it.
In order to see the relation between the two scales in neutrino oscillation parameters, we define
Rν ≡
[
∆m2atm
∆m2sol
]1/2
∼ ∆matm
∆msol
. (11)
Using the fact that
∆matm ∼
(
v2H Yˆ
MN
)
and ∆msol ∼
(
Y˜ λ5v
2
H
16pi2
)
× f(M0,MN ′), (12)
where Yˆ =
∑(
Y
(0)
i
)2
and Y˜ =
∑(
Y
(1)
i
)2
.
One can write M0 = αMN ′ which leads f(M0,MN ′) to
f ′ =
1
MN ′
1
(α2 − 1)
[
1− 1
(α2 − 1) lnα
2
]
. (13)
Then, using the relations in eq. (12), the ratio in eq.(11) becomes
Rν ∼
(
16pi2
λ5
Yˆ YN ′
Y˜ YN
)
× number. (14)
From this is clear that if we take λ5 ∼ O(1) then the product Yˆ YN ′ must be smaller than the product Y˜ YN in order
to explain the experimental data (note that the hierarchy we have in the Yukawas would correspond to the so called
sequential dominance [13, 14] of the RH neutrino masses). We would like to mention that while preparing this work,
a paper appeared in the arXiv where a very similar approach was suggested for a relation between the two scales [16].
The main difference in our set up is the dynamical generation of the mechanism, something we consider important
for it gives a glimpse on the possible origin of the assumptions needed to generate the rank-1 matrices.
We conclude this letter with some comments regarding dark matter. In this set up the dark matter candidate turns
out to be the lightest Z2-odd particle, namely, either the scalar (ηR, ηA) or the Majorana fermion N
′. Note that if it
is the scalar the situation is similar to the Inert Doublet Model [17] and the dark matter constrains are the same as
in that case. If the RH neutrino N ′ is the candidate, and taking as an example m20 ≃ 2M2N ′ , eq. (11) reduces to
Rν ∼
(
16pi2
λ5
Yˆ YN ′
Y˜ YN
)
× 3. (15)
In order to be in agreement with the observed hierarchy Rν ∼
√
30, one can take for instance λ5 = [0.1, 1] and
hence the ratio between the Yukawas turns out to be r = Yˆ YN′
Y˜ YN
∼ [10−3, 10−2]. These ratios are easily obtained when
the two RH neutrinos are close in mass, i.e. YN ′ ∼ YN , and there is a hierarchy between Yukawa couplings Y (0)i
and Y
(1)
i around one order of magnitude, namely Y
(0)
i ∼ 0.1Y (1)i . Here the smallness of neutrino masses could in
principle be explained from the heaviness of the neutral scalars. It is worth to mention that since the charged lepton
mass matrix is a general complex, there is enough freedom to accomodate neutrino oscillation data [18, 19]. In the
generic fermionic DM case there is strong fine-tuning in the Yukawa couplings [20] due to the fact that, on the one
hand, since DM annihilation into leptons is through the t-channel, and in order to have a correct relic density, those
Yukawas cannot be not very small, yet, on the other hand, the same couplings generate neutrino masses and lead to
lepton flavor violating processes such as µ→ e+ γ and µ→ 3e (for example) and thus must be small [20–22].
In our set up, however, there is an additional DM annihilation channel (namely, the s-channel) due to the presence of
the scalar singlet [23, 24] responsible of breaking lepton number, making the possibility of a fermion DM candidate very
likely, in contrast to what happens in the minimal scotogenic model. In fact, in this case there exist an annihilation
channel of the DM candidate into Majorons that can be controlled to guarantee detectability. The detailed analysis
of such a scenario will be presented in [24].
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